Instructions and Explanation of the Simulation Package                    for Convection Bond Graphs

Special instructions regarding the bond graph

The software requires that any mesh with convection bonds includes at least one CS element.  CS elements must be given integral causality (causal strokes at the outer ends of the convection bonds).  The heat transfer bond of a CS element, if it exists, must have its causal stroke adjacent to the element, and the volume change bond, if it exists, must have its causal stoke at its remote end.  Convection RS elements must be given admittance causality (causal strokes adjacent to the element).  They must be bonded only to CS, convection Se, and 0S elements.  Junction elements must have precisely three bonds.  The convection bonds of a 1-junction must have causal input efforts; the non-convection bond carries the opposite causality.  The flow of a 1S element is given causally from one of its two convection bonds. Convection Se elements naturally must have causal output efforts.  The relatively new elements that recognize fluid kinetic energy, IRS and AC, have not yet been incorporated.
The simple-bonded portion of a model has default linear behavior except for the C, I and friction RS elements, which allow power law nonlinearities; for the friction RS element this includes a constant or coulomb force and a linear damping force, which is a causal output effort.  Other nonlinearities can be accommodated by changes in the program convec.m.   Pseudo bond graph bonds are automatically assumed for the heat conduction parts of the bond graph, including the heat conduction side of the friction RS element, both bonds of the heat conduction RS element, the bonds of C, CS and Se elements used for heat conduction, and the bond of the Sq  element, which is a direct source of known heat flux.  Thus the flows on these bonds are the actual heat rates being conducted, rather than the entropy fluxes.  This gives a default linear relation between the heat conduction and the temperature difference of the heat conduction version of the RS element.  The causal inputs for the heat conduction bonds of both types of simple-bond RS elements and for the CS element are temperature, whereas temperature is the causal output for the C element.  The relatively new hysteresis RC element has not yet been incorporated.
Constructing the matrix el

Start by numbering all the elements in the bond graph.  For a model with m elements the matrix el has m rows, one for each element and in the same order.  The first column matrix designates the types of the respective elements with numbers.  The third column gives the values of associated parameters, if any.  The second column comprises mostly zeros, but in three cases gives other critical information.  The table below gives the details:
Elements including convection bonds:

Element  1st column      2nd column
              3rd column
                comment
RS

3
  see below*
          orifice area, m2
CS

4     
         0

  heat cond. coeff, W/K
0S

18
         0


        0

     includes convec. 0
1

 1
         0


        0

     also non-convection
1S                    2
         0


        0
Se

14   spec. volume,m3/kg       temperature, K
    for sources or sinks

Se

14
         0


pressure, Pa
         for sinks only

IRS

5
     not yet incorporated

    includes fluid inertia

AC

6
     not yet incorporated


area change

Elements with simple bonds only:

Element  1st column      2nd column
              3rd column
                comment
0

0                   0

 
         0

Se

7
         0

   value of effort
    
Sf

8
         0

   value of flow
    
Sq

10
         0

   value of power
    

T

9
         0
               transformer modulus

G

11
         0

   gyrator modulus

R

15
         0

   value of resistance  
C

12
   exponent** 
   value of C



I

13
   exponent**
   value of I
RS

16
         0

   conduction modulus    for heat conduction

RS

17
   exponent**
   value of R

         for friction

RC

19
     not yet incorporated

          hysteresis

* The 2nd column for convection RS element gives numbers that allow for gravity separation of vapor or liquid in two-phase situations, as follows.   (“Forward flow” is in the direction of the power half-arrows, and “reverse flow” is in the opposite direction.)  


0  
no gravity vapor or liquid separation


2
vapor separation for forward flow, no separation on reverse flow


3
liquid separation for forward flow, no separation on reverse flow



4
no separation for forward flow, vapor separation on reverse flow



5
gravity vapor separation for both flow directions


6
liquid separation for forward flow, vapor separation on reverse flow
7
no separation on forward flow, liquid separation on reverse flow



8
vapor separation on forward flow, liquid separation on reverse flow



9
liquid separation for both flow directions


**  The constitutive relations for the C, I and the friction RS elements are in the form
Output variable = parameter ∙ sign(input variable) ∙ abs(input variable)^exponent,

in which the parameters are 1/C, 1/I and R, respectively, and the input variables are displacement, momentum and velocity, respectively.
Constructing the matrix b
The bonds should be numbered on the graph separately from the elements.  Each row in the matrix b represents a bond, ordered the same as the numbers on the graph.  The first of the three numbers in a row gives the number of the element adjacent to the causal stroke.  The second gives the number of the element opposite to the causal stroke.  The third is 1 for simple bonds in which the power half-arrow is at the same end of the bond as the causal stroke, and -1 if it is at the opposite end.  For convection bonds, the number is 2 when the power half-arrow is at the same end of the bond as the causal stroke, and -2 otherwise.
The script file convectemplate.m
This is a template for the master file for the simulation of a particular system; its annotations are largely self-explanatory, and one normally renames a particularized file after the system being simulated.  It uses the MATLAB simulation command ode45 (or a substitute therefore) which calls the generic function file convec.m that assembles the actual differential equations.  In addition to listing the matrices el and b, one inserts the initial conditions.  In the unusual instances of a compliance bonded to a 1-junction or an inertance bonded to a 0-junction, the initial conditions must not be identically 0.  One also gives the name of the program for the appropriate thermodynamic substance (if any) and sets a special flag that identifies whether or not the substance is (wet) air.  The final time for the simulation also is set.  The program automatically determines what the state variables shall be, and can tell you how many of each category there are.  To plot variables that are not state variables or simple functions thereof, you may define these variables at almost the end of the convec.m listing and use the diff function to plot them.  Plotting commands are given at the end of the various implementations of this file listed under Examples below.
The function file convec.m
This file does not have to be altered or amended except under special conditions, such as the plotting of non-state variables as mentioned above.  Other modifications, usually very simple, can be made essentially at the beginning of the program to register state-dependent nonlinearities or time-dependent excitations or parameters.  Occasionally, a modification is made in the middle of a program to register any dependencies of parameters on other than state variables.  Nonlinearities associated with thermodynamic properties are accommodated automatically, but nonlinearities of the simple bond graph elements are more difficult to accommodate.  The program is fairly well annotated.  It calls the programs therprop.m, the new program convecRS.m  and the corrected program orificenew.m (make sure you have downloaded the correction) which must be available; therprop.m also calls one of several vapor programs that also must be available.
The vectors eb and fb, respectively, give the efforts and flows on all of the bonds.  For convection bonds, eb gives the enthalpies.  In a region described by pseudo bond graph elements and bonds, fb gives the thermal energy flux.  For fluid flow, the directions of the flow are determined first, before the actual values; the value 1 means flow in the direction of the power convection arrow, while -1 means reverse flow.  For convection bonds attached to 1-junctions, it is necessary to specify the flow directions at the beginning of the program.  Finally, it is also necessary to relate explicitly the velocity variable attached to a coulomb friction RS element to input or other known variables.  These requirements are illustrated in the examples that follow.
The program includes two Newton-Raphson iterations, which may or may not be used.    The most rapid convergence, when it works, results from setting  rr = 1 (at lines 210 and 337), the largest meaningful value.  In some cases, most particularly with the use of wet air as the working fluid, a convergence problem has occurred.  These problems have been solved at cost of somewhat slower simulation by reducing the magnitude or rr.  The value 0.5 worked for all six cases, and therefore is used in the coding.  Overall convergence also is affected by the ode integrator chosen and the use of the options command.
Examples

The systems and bond graphs for six downloadable implementations of the script file convectemplate.m  are described briefly below.  These programs give identifying numbers to the flag FG (the numbers in the list), which is recognized in convec.m  to make the necessary custom changes as mentioned above.  (Many systems require no custom changes.)  All are adapted from examples given in both editions of the book.  The indices for the elements, representing the rows in the matrix el, are circled; the indices for the bonds, representing the rows in the matrix b, are not circled.  The author also has used other systems to test the software, including one with a compliance bonded to a 1-junction and an inertance bonded to a 0-junction, but further tests may reveal needed or desirable corrections.
1. DCmotor.m   This is a simple model without convection bonds, corresponding to the DC motor system of Fig. 6.6 (p. 353 in the book; for 1st edition, Fig.5.6 p. 292) and the simulation of Guided Problem 4.2 (pp. 165-166, 168-169; for 1st edition, Guided Problem 5.6 pp. 353-354, 356-358).  
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2. catapult.m  This simple system comprises a fixed quantity of steam in an adiabatic cylinder flashing to catapult a mass (aircraft), as given in Problem 11.15 in the text (p. 926) and in the solution manual  (for the 1st edition, Problem 12.14, p.941).
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3. comptank.m  The compressor-and-tank system of book Example 11.5  (pp. 902-904; first edition Example 12.5 pp.902-904), using either nitrogen or wet air (the book uses dry air).  Demonstrates the use of CS, convection 1 and 1S elements, amongst others.
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4. pistcyl.m  The piston-cylinder compressor of pages 883-886 and Guided Problem 11.4 (pp.925-926, 927-928; first edition pp. 905-909, 925-928).  An elaboration in the form of a junction with a second fluid source allowing leakage flow is added to demonstrate the 0S-junction and backflow, and a linear damping term is added to the coulomb friction force.  Nitrogen or wet air can be used as the working fluid.  Demonstrates the use of CS, convection RS with forward and reverse flows, 0S, friction RS and heat conduction RS elements. 
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5. rootsb.m  A dynamic model version of the Roots Blower case study (pp.871-876; 1st edition pp. 891-897).  A slow sweep (producing a long run time) with the output pressure rising from a little over the inlet pressure to about double it gives virtually steady-state results.  Nitrogen or wet air can be used as the working fluid.  This example demonstrates the use of CS, convection RS and 1-junction, 0S and friction RS elements.  Note that three CS elements and one C element have been added to the bond graph given in the book in order to satisfy the requirements for dynamic simulation; the sources also are detailed.  (One of the CS elements is a generalization of the original HS element.)  Note that the plotted results are in different (SI) units from those in the book.  The details of the RS element #16 are forced to be different from those given in the book by the limitations of the program, but it is unclear which is better.  The details of the RS element #7 also have to be different, which in this case is an important limitation.  See the Discussion below.
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6. refrig.m  The refrigeration cycle case study is given in pages 909-914 (1st edition pp. 931-937.  Demonstrates the use of CS, RS, convection 1 and 1S elements, amongst others.  Several refrigerants can be used as the working fluid.
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Discussion
The Simulation Package considerably reduces the expertise needed to simulate thermodynamic systems, its primary function.   The savings in labor usually justifies its use even for the expert.  There is some cost of slower execution as compared to direct programming of the differential equations, but in most cases this is not a significant concern.

The principal limitation of the Package lies in its restrictions on nonlinearity, particularly for the non-thermodynamic components but also for the convection RS element, in the absence of special corrective statements added to the convec.m file.  Also, the newer IRS and AC elements have not yet been included.  A major restructuring using the Symbolic Math toolbox of MATLAB may be needed to allow all the desired flexibility.  Most situations of interest, fortunately, do not seem to require this flexibility.  

The author hopes that this work will inspire one or more of the existing commercial software packages that convert conventional bond graphs to simulations to be expanded to include convection bond graph elements.  Any improvements made by the author will be placed on this website.
